The late Cretaceous-early Tertiary flood basalts in the Gujarat area of the northwestern Deccan Traps (Kathiawar peninsula, Pavagadh hills and Rajpipla) exhibit a wide range of compositions, from picrite basalts to rhyolites
The late Cretaceous-early Tertiary flood basalts in the Gujarat area of the northwestern Deccan Traps (Kathiawar peninsula, Pavagadh hills and Rajpipla) exhibit a wide range of compositions, from picrite basalts to rhyolites; moreover, the basaltic rocks have clearly distinct T1O2 contents at any given degree of differentiation and strongly resemble the low-titanium and hightitanium basalts found in most of the Gondwana continental flood basalt (CFB). suites. Four magma groups are petrologically and geochemically distinguished:
(1) A low-Ti group, characterized by rocks with varying SiC>2 saturation, and with TiO2 <l m 8 wt%, extremely low incompatible trace element abundances, low %r/Y (av. 3-8) , Ti/ V (av. 27) 
, and a very slight large ion lithophile element (LILE) enrichment over high field strength elements (HFSE). These rocks share some features with the Bushe Formation of the Western Ghats farther south, but have distinct geochemical characters, in particular the strong depletion in most incompatible trace elements. (2) A high-Ti group, characterized by a more K-rich character than the low-Ti rocks, and with a strong enrichment in incompatible elements, similar to average ocean island basalt (OIB), e.g. high TiO 2 (>1S wt% in picrites)
, Nb (>19 p.p.m.) and Ti/V (av. 47) .
(3) An intermediate-Ti group, with TiO 2 contents slightly lower than the high-Ti rocks at the same degree of evolution, and with correspondingly lower incompatible trace element contents and ratios, in particular K2O, Nb, .
(4) A potassium-rich group (KT), broadly similar in geochemical character to the high-Ti group but showing more extreme K, Rb and Ba enrichment (av. K20/Na20~l;
Ba/ T~20). (and trace) 
The most primitive low-Ti and high-Ti picrites, when corrected for low-pressure olivinefractionation, show distinct major

INTRODUCTION
The Deccan Traps of western India are one of the most voluminous Phanerozoic continental flood basalt (CFB) provinces; they cover an area of ~0-5 x 10 6 km 2 on land, but a significant part of the volcanic sequence lies on the nearby continental shelf, and there are coeval but volumetrically minor volcanic rocks in the Seychelles Islands (see Backman et al., 1988; Devey & Stephens, 1991) . The eruption of this large volume of basaltic rocks [(1-2) X 10 6 km 3 ] took place within a very narrow time span, from the end of Cretaceous to the very early Tertiary. 39 Ar/ 40 Ar age determinations and magnetostratigraphic studies carried out by many researchers (e.g. Courtillot et al., 1986; Duncan & Pyle, 1988; Gallet et al., 1989; Baksi & Farrar, 1991; Baksi, 1994) , show a marked peak of activity at 65-67 Ma, within the 29R and, very subordinately, 29N magnetic chrons.
In spite of the monotonous sequence of the lava flows, sometimes recognized for several hundred kilometres (see Beane et al., 1986) , the Deccan Traps have been subdivided into several geochemical formations, following the approach of Najafi et al. (1981) , based on the stratigraphic sampling of the lava sequence cropping out from Mahad to Mahableshwar, southeast of Bombay. After this attempt, several working groups have thoroughly studied the stratigraphic and geochemical features of the magmas of the Western Ghats, from Igatpuri, NW of Bombay, to Belgaum, at the southern end (e.g. Cox & Hawkesworth, 1985; Beane et al., 1986; Devey & Lightfoot, 1986; Mahoney, 1988; Lightfoot etal., 1990; Mitchell & Widdowson, 1991) .
Geochemical differences throughout the basalt stratigraphy have been variously ascribed, apart from crystal fractionation, to
(1) upper-crustal contamination, in particular for the Bushe and part of the Poladpur Fms, which are characterized by high to very high 87 Sr/ 86 Sr initial ratios (>0-713 for the Bushe Fm; Devey & Lightfoot, 1986) , and strong high field strength element (HFSE) negative anomalies in the mantlenormalized diagrams (e.g. Mahoney etal., 1982; Cox & Hawkesworth, 1984 ; (b) lithosphere-asthenosphere interaction in the petrogenesis of the most widespread Ambenali Fm (e.g. Lightfoot & Hawkesworth, 1988; Lightfoot et al., 1990) ; (3) lower-crust contamination to explain isotopic characteristics of both lower and upper formations (e.g. Jawhar to Khandala Fms; Peng et al., 1994; Mahableshwar Fm.; Mahoney et al., 1982; Lightfoot etal., 1990) .
In the southern part of the Western Ghats the geochemical formations distinguished so far [see Mahoney (1988) and Subbarao (1988) for further details] show a southwards overstep, possibly caused by a migration of the magmatic activity in response to the migration of the Indian plate northwards (see Devey & Lightfoot, 1986; Watts & Cox, 1989) .
Comparatively, much less is known about the northern and northwestern part of the Deccan, in particular in the Kathiawar (Saurashtra) peninsula. Apart from some studies on post-Traps central complexes, e.g. Mt Girnar (Bose, 1973; Paul et al., 1977; Sethna, 1988) , no recent work is available on the exposed basalt sequence. On the other hand, detailed petrologic work has been carried out on boreholes in northeast Kathiawar (near Dhandhuka; West, 1958; Krishnamurthy & Cox, 1977) , on the volcanics of the Pavagadh section [see also Tiwari (1966 Tiwari ( , 1972 ] and on the Rajpipla area. This last is known from the literature also for a suite of potassic basalts interlayered with 'normal' tholeiites (Krishnamurthy & Cox, 1980; Mahoney et al., 1985) , and for post-Deccan alkaline rocks and carbonatites (e.g. Sethna, 1988; Gwalani etal., 1992) .
The aim of this paper is to present and discuss mineral chemical and geochemical data mainly for the basic volcanic products of the flood sequence of the Kathiawar peninsula, for the basaltic rocks of the Rajpipla area, and for the bimodal basic-acid volcanic sequence cropping out on the Pavagadh hill ( Fig. la, b) . The presence of primitive, high-MgO magma types and the observed compositional differences among the various Gujarat basalt groups are not seen in the Western Ghats and thus are of noteworthy significance in the geochemistry of the Deccan Traps.
GEOLOGICAL SETTING
The Deccan basalts in the Gujarat area overlie Mesozoic sediments made up of fluviodeltaic sandstones and shallow sea sediments, which, in turn, rest unconformably on the Archaean Aravalli craton (phyllites, quartzites and amphibolites; Biswas, 1982 Biswas, , 1987 . A post-Deccan cover is present to the north, with shallow sea or continental facies, terminated by '394 the final Mio-Pliocene emergence (Biswas, 1982) . The average thickness of the basalts in the Kathiawar peninsula has been inferred utilizing DSS (deep seismic sounding) data; it is thickest seawards (~ 1 -5 km) and tends to be strongly reduced to the north (0-3 km; Kaila et al., 1981) . It is important to note that there are no exposed basalt sequences with such thicknesses in Kathiawar, which is morphologically an almost completely flat area. Moreover, in the northernmost occurrences of Kathiawar (Fig. lb ) no more than one or two flows rest upon pre-Deccan sandstones or directly upon the Precambrian basement. For these reasons, the stratigraphy of the area is difficult to elucidate, as are correlations within the recognized chemical types, in particular for the most widespread low-Ti group (see below). This is obviously unlike the clear stratigraphic relationships found in the basalts of the Western Ghats, owing to thick and generally well-exposed sections. However, basalts with distinct geochemical affinities are found interlayered in the northern part of the Kathiawar (north of Rajkot; Fig.  lb ) and in the Rajpipla area, indicating at least some temporal interfingering between different groups of basaltic rocks. A number of dykes are present in the southwestern part of Kathiawar, their regional strike (WNW-ESE) being broadly similar to that of the dykes in the Narmada-Tapti rift region (see Misra, 1981; Hooper, 1990) . There is, however, an intervening gap where the Cambay rift crosscuts the NarmadaTapti region. In central Kathiawar the strike of the dykes is often random but in some cases the distribution follows a roughly radial pattern, and thus may be related to individual eruptive foci. The significance of the Cambay graben and of the Narmada-Son lineament is of interest in this context. The Narmada-Son lineament is currently interpreted as a dextral transcurrent fault, with an estimated displacement of 600-700 km, which probably was inactive during the eruption of the Deccan Traps, and was reactivated as a graben in very early post-Deccan times (Sen, 1991) . The very abundant presence of rocks with a low-Ti affinity in Kathiawar (Fig. lb) , and their significant volumetric decrease in the northernmost Western Ghats seems to suggest a discontinuity in the lithospheric mantle.
GEOCHEMICAL CLASSIFICATION OF BASALT GROUPS
A set of 200 samples was analysed for major and trace elements; the analytical procedures are described in the Appendix. The basaltic rocks were first geochemically subdivided into two groups, because of the clear bimodality of the TiO 2 ( Fig. 2a) : the value of 1-8 wt % TiC>2 was used as the first-order discrimination between high-and low-Ti types. Within this first-order subdivision, further discrimination was made, taking into account the Nb contents (Fig. 2b ) and K2O/Na 2 O ratio of the rocks (Fig. 2c) . The most important characteristics of the various groups are summarized below:
The low-titanium (low-Ti) rocks form most of the outcrops of Kathiawar and range in composition from picrite basalt to andesite (Fig. lb) . These rocks are mostly tholeiitic, with olivine or quartz in their CIPW norms, and plot well within the subalkaline field of the total alkali-silica diagram (TAS; LeBas et al., 1986; Fig. 3) . The low-Ti rocks are also characterized by low Nb contents (< 10-12 p.p.m., 80 out of 90 basalts have <9 p.p.m.), together with low K 2 O/Na 2 O, low Zr/Y (av. 3-7 ±0-6), and Ti/Y (281153) ratios. The values of the latter ratios are completely within conventional limits used to distinguish Gondwana low-Ti CFBs (Zr/Y < 6 and Ti/Y<410; Erlank et al., 1988; Fig. 2d) . Some picrites and basalts with low-Ti affinities have only a few percent hypersthene in their CIPW norms, or are even nepheline-normative. They also contain a distinct type of clinopyroxene (see below). The rocks with TiC>2 >l-8 wt% have been subdivided into three groups:
(1) a high-Ti group, ranging in composition from picrite basalt to basaltic andesite, which is slightly richer in K than the low-Ti group (higher average K.2O/Na2O ratios) and much higher in incompatible trace element contents, in particular Nb, even in the picritic rocks (Nb>19 p.p.m.; Fig. 2b, c) . The basalts of the Dhandhuka borehole (Krishnamurthy & Cox, 1977) belong to this group.
(2) A potassium-rich tholeiitic (KT) group is made up of slightly more alkalic rocks and crops out near Rajpipla. This group is easily distinguished from the high-Ti rocks by the higher K 2 O/Na 2 O ratio (close to unity; Fig. 2c ), but has otherwise broadly similar geochemical features.
(3) An intermediate-Ti rock group (I-Ti), which is mostly made up of basalts, also has distinctly lower Nb contents (10-15 p.p.m.; Fig. 2b , c) and K 2 O/ Na2O than high-Ti rocks. The Nb (and TiC^) contents of this last group are, however, distinctly higher than those of the low-Ti rocks, as are their Ti/Y and Zr/Y ratios (Fig. 2d) . The substantially lower Nb and K2O contents of the I-Ti group compared with the high-Ti picrites and basalts preclude fractional crystallization as a simple explanation of the observed array of compositions. Similarly, no simple genetic relationships are likely between the I-Ti and low-Ti basalts (see also major and trace elements).
Some of the most important geochemical characters of the groups of broadly basaltic rocks are given in Table 1 , but we note also the presence of strongly differentiated rocks (dacites and rhyolites; see Fig.  3c ).
PETROGRAPHY
The investigated rocks range from picrite basalts to rhyolites, and show petrographic and mineral chemical characters which easily help to distinguish the geochemical groups defined above.
Picrite basalts
Picrite basalts have textures from almost completely aphyric, with rare olivine phenocrysts set in a very fine-grained intersertal groundmass, to porphyritic and sometimes doleritic. The low-Ti picrites are characterized by euhedral to subhedral olivine phenocrysts and microphenocrysts, with euhedral chrome spinel inclusions; plagioclase is not always present as a phenocryst but is ubiquitous in the groundmass; clinopyroxene is never found as a phenocryst, but only as a pseudophitic or intergranular phase in the mesostasis; rare and very late microlites of opaque oxides are observed. This picrite type is widespread only in Kathiawar. The nepheline-normative low-Ti picrites are very similar to the subalkaline low-Ti analogues, except for the presence of late and pseudophitic pale-violet (Ti-rich) clinopyroxene. The picrite basalts of the high-Ti group, grading to ankaramite or three-phenocryst basalt, are made up of olivine (±chrome spinel), subordinate colourless to light green clinopyroxene phenocrysts (always crystallized after olivine), and slightly lesser amounts of plagioclase, still frequently enclosed in clinopyroxene; the groundmass has very abundant opaque grains, thus giving a darker appearance to the rocks. This type is absent from most of Kathiawar, excluding its northern part, but is common in the Pavagadh and Rajpipla sectors. West (1958) presented a very detailed study of the three-phenocryst basalts and picrite basalts (and basalts as well) which were found in the boreholes of Botad, Dhandhuka and Wadhwan junction, located in northeastern Kathiawar (Fig. la) . The high-Ti picrites of this study show strikingly similar petrographic characters.
Basalts
Basalts show textures varying from intersertal to pseudophitic or porphyritic in the low-Ti and I-Ti basalts. High-Ti and KT basalts are generally weakly (plag + cpx± olivine)-phyric, and are mostly found with pilotaxitic textures. Olivine is minor or absent and plagioclase is the dominant phenocryst, only later joined by clinopyroxene and interstitial oxides. These latter have been never found as phenocrysts. Two major petrographic types were distinguished, taking into account the relative abundance of pyroxene phenocrysts and groundmass opaque oxides. Olivine is observed as a phenocryst or microlitic phase in many rocks of all the geochemical groups, regardless of the SiOj saturation of the host rocks; on the other hand, rare pigeonite has been found only in some low-Ti basalts, very rarely enclosed in augite (D146), or within the late-crystallized intersertal or pseudophitic mesostasis; interstitial amphibole, granophyric alkali feldspar and quartz, and sometimes also glass (of rhyolitic composition), are sporadically observed.
Basaltic andesites and andesites Basaltic andesites and the very rare (tholeiitic) andesites (the latter with a low-Ti affinity) have a doleritic texture, with significant amounts of granophyric or glassy groundmass (the latter being invariably rhyolitic in composition). Moreover, they have more frequent, but not abundant opaque phenocrysts, in addition to Na-labradoritic to andesinic plagioclase and (light green) pyroxenes richer in Fe than less differentiated rocks. Like the basalts, these litho types have been found over the whole Gujarat area.
Dacites and rhyolites
Dacites and rhyolites, particularly rhyolites, are more abundant than the intermediate rocks (Fig. 3) . Their occurrence is mainly concentrated in eastern Kathiawar and in the Pavagadh sequence (up to 200 m of rhyolites), but they also occur in the region of the Girnar complex (Junagadh); some of them (D21) belong to the post-Deccan intrusions of Kathiawar. The dacite D66 (Table 2 ) has a weakly porphyritic texture with phenocrysts of labradorite to oligoclase feldspar, low-Ti-high-Fe augite, pigeonite and magnetite, set in a strongly altered granophyric mesostasis. Pitchstones and pyroclastics are the most frequent lithologies of the rhyolitic rocks. They are more or less porphyritic, with sparse phenocrysts of andesine to anorthoclase feldspar, Ca-rich pyroxenes, sporadic fayalitic olivine, pigeonite, orthopyroxene and opaque oxide set in a glassy matrix. Tiny zircon crystals are very rarely observed. Devitrification is widespread, and usually the rocks are highly altered, precluding a more thorough knowledge of the parageneses.
CHEMICAL VARIATIONS OF THE MINERAL PHASES
A large number of mineral chemical data on selected rocks have been obtained utilizing two different microprobes. Details of the analytical techniques are given in the Appendix. Trivalent iron contents have been calculated using the algorithm of Papike et al. (1974) for pyroxenes and amphiboles, and following Carmichael (1967) for oxides.
Pyroxenes
A wide compositional range is observed for the pyroxenes of the Gujarat rocks, generally broader than that observed in other parts of the Deccan Traps (cf. Western Ghats; Sen, 1986) . Data are given in Table 2 .
First-order differences in chemistry and cationic substitutions are observed (Figs 4 and 5 Mellini et al., 1988; Brotzu et al., 1992) allowed the researchers to interpret these compositions as probable metastable phases which exsolve two pyroxenes in the subsolidus.
The calculated Fe 3+ contents of these low-Tirelated pyroxenes are low, and confirm relatively reduced conditions of crystallization. Also, A1
V , A1
IV , Na and Ti (Fig. 5 ) are very low (the last element very rarely exceeding 1 wt % as oxide), and tend to remain constant or even decrease with decreasing Mg. Cr is invariably below the detection limits, confirming that these pyroxenes grew from already differentiated magmas. No significant variations in the pyroxene chemistry were observed for the low-Ti rocks from Rajpipla to the Kathiawar peninsula, thus suggesting remarkably similar conditions of crystallization over several hundred kilometres.
Some low-Ti rocks show very small amounts of pigeonite, sometimes found also in the groundmass of picrites (D130) as a very late phase along with quartz. The compositional range of pigeonites, from picrite basalt to the D66 dacite (which have all the petrographic characters of the low-Ti rocks) is from CagMg 6 9Fe22 to CagMg4 2 Fe48 (Fig. 4) . The equilibration temperatures obtained using the pigeonite geothermometer of Ishii (1976) range from 1156 to 1017°C, with the highest values found in picrites and basalts. Similar results (1160-1000°C) have been obtained utilizing the two-pyroxene thermometers of Lindsley (1983) and Andersen & Lindsley (1988) .
The clinopyroxenes of the nepheline-normative low-Ti rocks are diopsides to salites which plot parallel to the Di-Hd join (Fig. 4a) . They have higher Ti and Al contents (up to 2-78 and 5-26 wt %, respectively) compared with the values of the low-Ti pyroxenes, even though they are very late in crystallization. In this group pigeonite is absent, but a unusual suite of subcalcic diopsides was found as rounded relicts within Cr-Al-spinels, both included in low-pressure, 'Ca-rich' olivine or, less frequently, outside (sample D56; Fig. 4) . Variations of the chemistry of these subcalcic diopsides are large both for Ca and minor elements Cr, Na, Ti and Al (Table  2) ; moreover, there is a clear tendency for these pyroxenes to have high Al /Al ratios (up to 0'4), with respect to the late-crystallized salites. A likely explanation for the genesis of this suite is the crystallization in a higher-pressure and -temperature environment, followed by the low-pressure paragenesis and crystallization order (ol + plag + Tisalite + Ti-mt).
The pyroxenes of the high-Ti suite range from diopsides to Fe-salites; /ng-numbers range from 0-87 to 0-49; maximum TiC>2 and AI2O3 contents are 3-7 and 7 wt%, respectively. NajO contents, on the other hand, tend to be low, although they are higher than for low-Ti rocks, reaching values up to 0-8 wt%. It is interesting to note that the most Mg-rich pyroxenes have been found in rocks of the high-Ti suite, thus confirming the earlier appearance of this phase in these slightly more alkali-rich rocks.
The Ca-rich pyroxenes of the rocks with I-Ti affinity are mostly augites and show relatively restricted compositional variations (Fig. 4) , with mg-number ranging from 0-81 to 0-59. The most important distinction between these pyroxenes and those of the low-Ti rocks is the greater increase in the former of Ti (Fig. 5 ) and, consequently Al, from early to late crystallization stage. Na2O is also very slightly higher (0-16-0-57 wt%).
In summary, even if the pyroxenes of both the low-Ti and I-Ti groups are augites (and Fe-augites) there are clear and strong differences in their TiC>2, AI2O3 and Na2O contents, and there is little doubt that they reflect different chemical conditions of crystallization. On the other hand, more alkali-rich rocks (the nepheline normative low-Ti and the highTi rocks) have the most Ca-and Ti-rich pyroxenes, and this is so regardless of the TiC>2 content of the host rocks. However, the magnitude of the Ti enrichment is higher in the high Ti rocks (Fig. 5 ), when compared with the nepheline-normative lowTi analogues.
Olivine
Olivine is a common phase both as coarse-grained euhedral to subhedral phenocrysts (in some cases skeletal, or rarely with a weak kink banding) and as microlites in the groundmass, and without reaction rims involving Ca-poor pyroxenes. A wide and continuous compositional range has been observed (Table 3 and Fig. 4 ), from Fogi to Fon No compositional difference was noted among the various basalt groups. MnO ranges from 0-05 to 1-8% and CaO from 02 to 0-5%, with the highest values found in the most Fe-rich varieties. When compared with the host rock mg-number, the olivines tend to be richer in Fe than expected from the empirical relationship of Roeder & Emslie (1970) , particularly for the picrite varieties. This indicates a relatively slow and quasi-equilibrium crystallization in many samples. This feature has already been recognized by in their study on picrite basalts in the central Deccan; they concluded that picrites are crystalenriched versions of normal basalts. In the Gujarat picrite rocks, relatively Fe-rich olivines enclose Crspinels and sometimes are found as intergrowths with plagioclase. Only in a rhyolite (D89; Pavagadh) have Fe-rich olivines been found (F028 ; Table 3 ).
Feldspars
Feldspars of the two main groups show clear differences in the evolution trend, although these are more subtle than those of the pyroxenes. Plagioclases from low-Ti rocks range from An 82 to An 15 (Fig. 6 ) and only a very slight orthoclase enrichment is seen, as a consequence of the very low K 2 O content of the host magmas. Na-sanidine was positively recognized only in the late-stage, fine-grained mesostasis of a dolerite (D208; Rajpipla). A much broader range of compositions was observed in the rocks of the high-Ti and I-Ti rocks, from bytownite (An 80 ) through anorthoclase, found in the groundmass of many high-Ti basalts and picrites, to sanidine (Fig. 6 , Table 4 ). The overall increase in K 2 O contents is evident, in particular for the late-crystallized feldspars (Fig. 6) , and the trend is much more like that of mildly alkaline rock suites, when compared with that of the lowTi rocks. Plagioclase equilibration temperatures were obtained using the calibration of Glazner (1984). Average maximum temperatures are 1204±30°C for picrite basalts, 1200±30°C for basalts, and 1125 + 45°C for basaltic andesites (Melluso, 1992) . The values are slightly higher than those obtained by pyroxene thermometry (see above) and so are in excellent agreement with all the petrographic observations. The similar values for picrites and basalts are matched by the relative constancy of the An contents of plagioclase, suggesting similar liquidus temperatures for this phase, regardless of the degree of differentiation.
Oxides
At least two generations of oxides are found in the Gujarat rocks: the first is represented by Cr-and Albearing spinels found enclosed in olivine or, rarely, in plagioclase or as microphenocrysts; the second is the late-crystallized suite of Ti-magnetites and ilmenites typical of subalkaline rocks. Minor sulphide (mostly chalcopyrite) and rare groundmass pseudobrookite have been observed. The spinels found enclosed in olivine range from Al-spinel to Cr-bearing Ti-magnetite (up to 50 mol % ulvospinel); no significant variations related to the chemistry of the host olivines (as Mg-low as F057) and to the geochemical affinity of the host rocks are observed (Table 5 and Fig. 7 ). The general core-to-rim and within-sample variations of these spinels are related to three main cationic substitutions: Mg -> Fe 2+ , Al -> Cr and Al + Cr -> Fe 3+ + Ti ( Fig. 7 ; Table 5 ). The differences between early and groundmass spinels are mainly due to the absence of Cr and the low Al contents in the latter (up to 6 wt % AI2O3, but most data cluster around 2%). Similar variations in the spinel chemistry are observed in many other rock suites elsewhere (see Ridley, 1977; Allan et al., 1988; Cawthorn el al., 1991) , but only very few data on Deccan Cr-spinels are available in the literature (see Krishnamurthy & Cox, 1977; Sen, 1986) . Groundmass Ti-magnetite and ilmenite pairs showed a large range of equilibration temperatures, from -1170 to 700° C (Fig. 8a) , and five orders of magnitude in the oxygen fugacity, according to the geo-thermobarometers of Buddington & Lindsley (1964) and Andersen & Lindsley (1988) . The /o 2 and T values are clustered between the nickel-nickel oxide (NNO) and wustite-magnetite (WM) buffers. Most high-Ti rocks plot above the quartz-fayalitemagnetite (QFM) buffer, and low-Ti rocks plot below. The nepheline-normative low-Ti rocks show different behaviour with respect to the main low-Ti trend, being scattered both above and below the QFM buffer. The equilibration temperatures and oxygen fugacities of the I-Ti rock D121 plot below the QFM buffer, as in the low-Ti rocks. The/o 2 ar >d T values obtained by Sethna & Sethna (1988) on magnetite-ilmenite pairs in rocks cropping out in the Igatpuri area are substantially similar, thus suggesting broad uniformity of oxidation conditions in a large part of the Deccan lavas.
A small number of pseudobrookites (Table 6 and Fig. 8b) were analysed in the groundmass of three rocks. The occurrence of this phase (in high-Ti and in nepheline-normative low-Ti rocks) possibly suggests high oxidation conditions in the latest crystallization stages.
Other phases
Very rare amphiboles have been observed in some low-Ti basalts. They are very late crystallizing phases, growing sometimes as rims on clinopyroxene or with quartz in the granophyric mesostasis. The amphibole composition is Fe-edenitic hornblende and Fe-hornblende [following Leake (1978) ]. These minerals are low in Al, alkalis and Ti (Table 6) , and thus are clearly derived from residual subalkaline magmas. Fe-phlogopite has been found as a miarolitic phase in the basalt D79 (high-Ti) at Pavagadh; its composition is uniform, very magnesian, and Ti rich (Table 6 ).
MAJOR AND TRACE ELEMENT VARIATIONS
Within the framework of the classification scheme of Table 1 and Fig. 2 , the various groups show significant trends in major and trace elements, which are broadly compatible with crystal fractionation of the observed phases; in particular, looking at the diagrams of Fig. 9 , it may be observed that CaO, after a slight increase from the most Mg-rich picrites to basalts (consistent with Mg-rich olivine control lines) decreases from ~8% MgO downwards. The change in slope is due to the onset of significant plagioclase and clinopyroxene fractionation. It is to be remarked that the chemical data and the petrographic features support the essential presence of plagioclase in the fractionating assemblages of the rock groups, in particular for the low-Ti group, even considering relatively Mg-rich lithotypes. This was stated also by in a survey of the chemical variations in the Western Ghat basalts.
SiC>2 tends to increase slightly with decreasing MgO contents. FejOs, is roughly constant in the basalt to basaltic andesite range. Na2O contents continuously increase with decreasing MgO, and are almost identical in the various geochemical groups at the same MgO (Fig. 9) . K 2 O and P2O5 are significantly higher in the high-Ti groups, and generally tend to increase with decreasing MgO, albeit with scatter. When plotted against MgO, most trace elements show clear and well-defined trends; in particular, Rb, Y, Zr, Nb and Ba increase with decreasing MgO. The remarkable differences in the contents of these elements in the picrites (and in the related basalts) are evident. It is noted, in contrast, that Y contents of low-Ti and high-Ti are completely indistinguishable, suggesting that this element did not participate in the enrichment/depletion events suffered by most other trace elements (Fig. 9 ). Cr and Ni decrease markedly from picrites to basalts, decreasing from ~1000 p.p.m. and 500 p.p.m., respectively, to the low concentrations typical of differentiated rocks; the fractionation of olivine with small amounts of Cr-spinel readily explains the decrease in these two elements. V (and Zn) contents clearly increase with decreasing MgO, although the data are scattered. These trends coupled with Fe 2 O3 behaviour clearly confirm a negligible role for Fe-Ti oxide fractionation (and also sulphide for Zn) in the evolution from picrites to basaltic andesites. V (and Zn) are slightly but significantly enriched in the high-Ti rocks, at a given MgO content.
The average scandium concentrations are almost identical in the low-Ti and high-Ti picrites and are clustered around 30 p.p.m. (Fig. 9; Table 7) ; the concentrations in the picrite basalts tend to have a scattered, albeit slight, increase down to 8% MgO, suggesting little involvement of clinopyroxene fractionation, as is also observed in the CaO-MgO diagram. Values as high as 42-54 p.p.m., decreasing with MgO, are observed in many basalts of the lowTi suite, whereas the data for basalts of the high-Ti suite seem to have a smoother decrease with MgO.
Dacites and rhyolites have low and decreasing TiO 2 , Fe 2 O 3t , CaO, P 2 O 5 , Sc and V with MgO, as well as generally higher incompatible trace element abundances ( Fig. 9 ), when compared with basalts and basaltic andesites. The silica gap between these rocks and the most differentiated 'andesites' is noteworthy (see also Fig. 3c ), and probably cannot be fully derived from crystal fractionation, unless significant amounts of low-Si phases (e.g. oxides) are involved; this, on the basis of the petrographic features, seems unlikely. Some differences between trace element contents (in particular, REE) of the various rhyolites are observed (see below).
In the Zr/Nb vs Y/Nb diagram (Fig. 10 ) the ranges of the major groups are well displayed. HighTi and KT samples are characterized by low to moderate Zr/Nb (3-12) and Y/Nb (0-6-2-1) ratios, typical of incompatible element enriched basalts [E-MORB (mid-ocean ridge basalt) or WPB (withinplate basalt); see le Roex et al., 1985] . I-Ti basalts plot in a straight line displaced to higher Zr/Nb values (10-4-16-6), compared with high-Ti and KT, whereas the low-Ti basalts are displaced to higher Y/ Nb values (2-1-9-3), but with only slightly higher average Zr/Nb values than the I-Ti rocks (9-3-23-4).
The average values of low-Ti are close to T-MORB and, to a lesser extent, to the N-MORB fields. These ratios are not much changed even after 50% fractionation of gabbroic assemblages; therefore, the different degrees of enrichment of the parental magmas of the high-Ti, KT, I-Ti and low-Ti groups are evident, as well as a moderate variability in the geochemical features within the various groups (see also below).
The REE chondrite-normalized patterns are also bimodal. The low-Ti picrite basalts are characterized by low (La/Yb) n ratios (1-7-2-9, av. 2-1), and almost flat heavy rare earth element (HREE) profiles [av. (Gd/Yb) n = 1-7]; two rocks cropping out near Rajkot (D129 and D130) even show an unusual light rare earth element (LREE) depleted profile [(La/Sm) n = 0-8] (Fig. lla) . However, their chondrite-normalized patterns are positively fractionated from Gd to Lu. A negative Eu anomaly is observed in some nepheline-normative low-Ti picrite basalts (D57 and D108; Eu/Eu* 0-87-0-92).
A larger LREE fractionation is observed in the high-Ti picrite basalts [(La/Yb) n 8-4-11-9, av. 102; Fig. lib] ; HREE fractionation is also higher than that of the low-Ti rocks [av. (Gd/Yb) n = 29]. The K-rich basalt for which REE data are available (D207) is characterized by similar (La/Yb) n to the high-Ti rocks (109), but with higher REE contents, compatible with its differentiated nature (Fig. lid) ; moreover, this sample does not show a negative Eu anomaly. The I-Ti rocks show an intermediate LREE enrichment [(La/Yb) n 5-2-62] compared with low-Ti and high-Ti analogues; negative Eu anomalies are not evident.
The evolved basalts show roughly parallel REE patterns, displaced to higher REE contents (Fig.  lie) , and clear signs of an increasing role for plagioclase fractionation: Eu/Eu* decreases from 0-97 to 067 in the low-Ti basalt to basaltic andesite, but Eu concentrations increase. This character is observed, ,_ for example, in the very low-Ti basaltic andesite to dacite CFB sequence of the Ferrar group, Antarctica (Brotzu et al., 1992) , and confirms that Eu still has a D < 1 in rocks dominated by fractionation of plagioclase-rich assemblages. The differentiated rocks (dacites and rhyolites) show relatively high REE concentrations and patterns with variable LREE fractionation. These differentiated samples have different characters when found associated with different magma groups (Fig. 1 If) . In particular, the D16 rhyolite, cropping out in central-eastern Kathiawar and associated with low-Ti rocks, and the D89 pitchstone, cropping out at the top of the Pavagadh sequence made up only of high-Ti rocks (Fig. lb) , are interesting in this respect. The LREE fractionation is higher in the Pavagadh rhyolite [(La/Yb) n of D89 is 11-5 vs 5-4 for D16], and the Eu negative anomalies are more pronounced in the Kathiawar rhyolite (Eu/Eu* 056 against 0-7). The higher Nb, Zr, Rb, Ba and REE contents, and lower La/Nb ratio of the Pavagadh sample (1-6 vs 2-2 for D16; see Table 7 ) rule out clear genetic links between these two rhyolites. Mantle-normalized patterns for selected rocks and averages of the different groups are given in Fig. 12 . Some features can be emphasized: (1) the broad ocean-island basalt (OIB)-like pattern for the highTi picrites, with overall high trace element abundances and a slight negative K spike (Fig. 12a) ; (2) a less enriched pattern for the low-Ti picrites, with average values close to 10 times mantle, and showing high normalized abundance for Rb, Ba, Th and K with respect to Nb, LREE and Sr, and with a weak negative spike for Ti and Nb, differently from N-MORB (Fig. 12b, d) ; (3) the higher normalized abundance for LILE and LREE in the KT rocks, when compared with average high-Ti of the same evolution degree (Fig. 12c) . The patterns of I-Ti rocks are characterized by lower enrichment in most incompatible elements compared with the high-Ti picrites, even considering that no primitive rocks are available for this magma group. The I-Ti rocks also show slight Nb, Sr and P negative anomalies, but no negative Ti spikes (Fig. 12c) . When compared with the average data on Western Ghats basalts (Lightfoot etai, 1990) , the HFSE abundance of the Low-Ti picrites is comparable only with that of the Bushe formation (Fig. 12b) . However, the LREE enrichment in the low-Ti rocks is, on the average, lower than that in the average Bushe basalt (Lightfoot et al., 1990) , which is characterized, however, by a higher degree of differentiation (and probably contamination).
GEOCHEMICAL CHARACTERS OF THE GUJARAT PICRITES AND IMPLICATIONS FOR THEIR MANTLE SOURCES
The significant number of primitive picrites found in the Gujarat area, and the unusual depleted patterns of some of them, relative to the analyses already published (e.g. Krishnamurthy & Cox, 1977) clearly warrant further investigation. We normalized the rocks with >8-7 wt% MgO (for high-Ti > 10 wt%) to 15 wt % MgO by fractional addition of liquidus olivine (according to K d =0-33; Roeder & Emslie, 1970) . With this MgO content, the rocks possess mgnumber (with Fe2O3/FeO = 0-15) varying from 0-71 to 0-76, well within the values of primary magmas of Frey et al. (1978) , and capable of equilibrating with mantle olivine of Fo 8 8-90 composition. The picrite analyses of Krishnamurthy & Cox (1977) , and two Mg-rich Bushe basalts (L. Melluso, unpublished data, 1993) were added to the data set; also, these rocks do not show evidence for fractionation other than of olivine (±chromite). The picrites of were not added to the data set, as those researchers gave evidence of olivine and clinopyroxene enrichment. The trace elements incompatible in olivine were diluted accordingly, and no correction was performed for Cr and Ni. A maximum of ~19% olivine was added to the least primitive basalts to reach the utilized MgO (in some cases olivine was subtracted) (Table 8) . A similar MgO window (14-16%) was used by Ellam & Cox (1989 in their study of the Letaba picrites of Karoo, by Sweeney et al. (1991) in their survey of the Karoo-Antarctica flood basalts and by Scarrow & Cox (1995) for the Skye basic lavas (15%). A value of 16% MgO was used by Krishnamurthy & Cox (Wood, 1979) for selected samples, averages of the various groups, Western Ghat basalts and oceanic basalts (after Fisk et al., 1988; Sun & McDonough, 1989; Lightfoot el a/., 1990) .
(1977) for the most primitive liquids of the Dhandhuka borehole, whereas, a higher value (~18% MgO) was used by Holm et al. (1993) for the West Greenland picrites. Despite the uniform MgO, the normalized data show a significant range for most major and trace elements: for instance, SiOj ranges from 45-1 to 49-8%, with substantially identical ranges for both low-Ti and high-Ti picrites (Table 8 ; Fig. 13 ). Both groups vary from hy-to ne-normative. The variation in the Si saturation is found to be mainly dependent on the S1O2 content of the rocks, and very subordinately on the different K 2 O (Na 2 O is nearly constant). Fe2O 3t ranges from 11-4 to 14-5%. At a given SiC>2 content, the high-Ti picrites have more CaO (111 ±0-9 wt% against 92 ±04 wt%), TiO 2 (204±0-2 wt% against 100±02 wt%), K 2 O (0-73±0-14 wt% against O-32±O12 wt%), Ba (331 ±93 p.p.m. against 110± 33 p.p.m.), Zr (136 ± 14 p.p.m. against 77 ± 17 p.p.m.), six times as much Nb (30 ± 7 p.p.m. against 5 ± 2 p.p.m.), higher LREE, Zr/Y (6-5 ±11 against 38 ±0-5), Ti/V (47 ±5 against 27 ± 5) and less A1 2 O 3 (10-4 ±1-2 wt% against 128±09 wt%), with lower Zr/Nb (4-7 ±1-1 against 17 ±5) and Ba/Nb (11-7 ±4-4 against 24 ± 7) than the low-Ti picrites.
The average CaO/Al 2 O 3 (0-72 ±0-05), CaO/TiO 2 (9-6 ±2-3) and Al 2 O 3 /TiO 2 (135 ±3-3) ratios of the low-Ti picrites are different from the chondritic values (0-81, 159 and 19-7, respectively). The slightly lower than chondritic CaO/Al 2 O3 values, together with the low abundance of incompatible elements, suggest the partial melting of clinopyroxene-and Ti-poor mantle sources. On the other hand, the significantly higher average CaO/Al 2 O 3 (11 ±0-2) and lower CaO/TiO 2 (5-5±0-7), A1 2 O 3 / TiO 2 (5-1 ±0-6) of the high-Ti picrites (Fig. 14a) suggest that different sources were involved; in particular, the source of the high-Ti magmas was significantly enriched in clinopyroxene and TiO2-CaO/Al 2 O 3 and, to a lesser extent, GaO/TiO 2 in the high-Ti group decrease with SiO 2 . If the low SiC>2 content is linked to pressure increase (see below) it may be argued that: (1) the mantle source tends to increase in cpx with decreasing depth and/ or, (2) AI2O3 may be more compatible owing to residual Al-bearing phases (e.g. spinel or orthopyroxene). The Ti/Zr of low-Ti picrites shows large variation (33-113; Table 8 ), suggesting some decoupling of the behaviour of the two elements. Also, Ba/Nb' and Zr/ Nb are variable (Fig. 13) . We can therefore deduce that the low-Ti mantle sources, similar with respect to the major elements, show some slight variations in the incompatible element contents and ratios which are not likely to be a function of different degrees of partial melting or pressure changes. The two Bushe picrites show relatively high SiC>2 contents, and give evidence of substantially similar mantle sources to the low-Ti picrites, at least for the major elements.
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It is also interesting to note that no correlation between Ba/Nb, K 2 O and SiC>2 is observed; therefore, crustal contamination processes acting on the low-Ti picrites seem very unlikely. On the other hand, the Ba/Nb ratios of the low-Ti picrites are much higher than average N-MORB values (4-3; Sun & McDonough, 1989) , and testify to a clear LILE/HFSE fractionation.
The most important suggestion from these data is the complete decoupling of the mantle sources, which cannot be the result of different degrees of partial melting, starting from a homogeneous lherzolite. The geochemical characteristics of the low-Ti and high-Ti picrites give some evidence that the I-Ti basalts (Fig. 13) and the K-rich tholeiites do not have analogues in the most Mg-rich rocks, and that no clear mantle source relationships for these latter groups are available at present.
Pressure and temperature estimates
A very marked negative correlation between Fe2O 3t and SiC>2 is observed in the normalized data set (Fig. 14b) . This correlation is similar to that observed in many oceanic and continental primitive rocks (Klein & Langmuir, 1987; Scarrow & Cox, 1995) and in recent experimental results at variable pressures (10-30 kbar) and temperatures (1250-1525°C) on anhydrous peridotites (Hirose & Kushiro, 1993) . In particular, the SiO 2 -Fe 2 O 3t VOLUME 36 NUMBER 5 OCTOBER 1995
CaO/AI2O, Fisk el al. (1988) , Ellam & Cox (1991) and Sweeney et al. (1991) ]. The fields labelled HK-66 and KLB-1 are the results of melting experiments on these two peridotites obtained by Hirose & Kushiro (1993) . The lines are the best fits of the low-Ti and high-Ti data.
trend of the low-Ti and high-Ti picrites is significantly similar to the experimental data on the HK-66 Fe-rich (and opx-rich) peridotite. This suggests the involvement of mantle sources significantly Fe rich compared with those of other tectonic settings. There is, however, a slightly different Fe-Si slope with respect to the HK-66 trend (Fig. 14b) ; this may also imply that the Gujarat mantle sources were slightly changing in composition with depth. The variations in these two elements may be the result of the equilibration of basaltic melts with peridotite at variable pressures, and, in particular, the more SiC^-poor (and Fe2C>3-rich) melts are capable of equilibrating with mantle peridotite at higher pressures than high-SiO 2 melts (Yoder & Tilley, 1962; Klein & Langmuir, 1987; McKenzie & Bickle, 1988; Hirose & Kushiro, 1993) . Attempts to give pressure and temperature estimates according to experimental data were made.
Utilizing the SiC^-P regression data of HK-66 from Hirose & Kushiro (1993) , and thus assuming dry melting, the pressure range for low-Ti picrites varies from 29 to 11 kbar, and for the high-Ti picrites from 29 to 15 kbar. Substantially similar results (28-15 kbar for low-Ti and 28-17 kbar for high-Ti picrites) were obtained with the algorithm of Albarede (1992) . These pressure estimates imply that the Gujarat picrites may have formed over a depth range of ~40 km (87-48 km).
Temperature estimates were subjected to comparatively more uncertainty. The simple algorithm of Albarede (1992) was used for the calculations, and gave temperature ranges from 1468 to 1430°C, but the values are probably subject to the MgO imposed on the normalized samples, at least for the lowest pressures. These P-T estimates are plotted in Fig.  15 . Some of the samples plot very close to or at the anydrous peridotite solidus of McKenzie & Bickle (1988) ; this implies that a potential temperature of 1430°C may have been reached by an adiabatically upwelling mantle in the Gujarat area. It is remarked that the bulk of the data do not fit an adiabatically melting regime, as the average gradient for the observed trend (AT/Ai 5 ) is 2-7°C/kbar, distinctly lower than the value of ~ 7°C/kbar (Kostopoulos & James, 1992) of the solid + melt adiabatic gradient. As a consequence, the calculated P-T data cross-cut other adiabatic gradients of higher potential temperatures (Fig. 15) .
It is noted that the obtained mantle potential temperature of the samples closer to the solidus is distinctly higher than that of asthenospheric MORB- mantle (~1280°C, McKenzie & Bickle, 1988 , and this seems to be a reliable argument in favour of plume-driven magmatic activity in this area of the Deccan Traps.
There is an apparent absence of garnet in the mantle source of the Gujarat picrites. Assuming that the rocks with lower SiC>2 come from the greatest depths (see above), the data for A1 2 O 3 , Sc and Y give very little or no indication of garnet control; AI2O3, strikingly, has a clear negative correlation with SiC>2. Also, Zr/Y ratios do not show negative correlation with SiC>2, as expected from residual garnet control low in a melting column (Fig. 13) .
The weak HREE fractionation and the relatively high Sc concentrations seem also to suggest that the primary magmas suffered the final equilibration in a garnet-free mantle. Modelling of the Sc contents in reasonable mantle sources was performed (Table 9 ). This element was chosen for its very different partitioning between spinel and garnet, and its relative insensitivity to trace element enrichment processes, which doubtless affected, for instance, REE abundance and fractionation. The results give evidence that small amounts of garnet left behind in the source could not justify the high Sc contents in picrites, unless a source enriched in Sc [considerably more than the 17 p.p.m. value of Jagoutz et al. (1979) , which is probably an upper limit for undepleted mantle] was involved. On the other hand, residual sources with (or without) spinel more closely approximate Sc partitioning.
The chemical data are also in broad agreement with the experimental results of Eggins (1992) on primitive Hawaiian tholeiites. Eggins showed that garnet was present at or near the liquidus of the tholeiites at pressures of not less than 35 kbar. This value is substantially higher than the highest pressure estimate for the Gujarat-(~29 kbar).
As stated above, Na 2 O, HREE, Sc and Y concentrations are broadly similar for both high-Ti and low-Ti primitive rocks. These characters are at variance with the strong differences in many major and most incompatible trace elements, and seem also to indicate substantially similar degrees of partial melting, along with SiC>2 contents.
A relatively shallow source for the Deccan Trap magmas was proposed by Sen (1988) , mainly on the basis of high-pressure phase diagrams.
EVOLUTION PROCESSES
The notable variations of the chemical composition of the Gujarat rocks contrast with the relatively monotonous basaltic chemistry of the rocks of the Western Ghats. Strongly differentiated basaltic andesites, 'andesite' and rhyolitic rocks, found within the sequence (or, as at Pavagadh, at the top of the basalt sequence) are not uncommon lithotypes. In the Gujarat area, apart from the various basalt groups, the tectonic regime allowed the possibility of both rapid ascent to the surface (and so allowed the presence of picrite basalts in the sample recording) Hofmann (1988) McDonough (1991) Mode of residues after Kostopoulos, 1991 (sp-per) and McDonough, 1991 (gt- and local prolonged residence of the magmas in the crust, with production of small amounts of tholeiitic differentiates and, probably with superimposed processes, rhyolites.
There is clear evidence that at least some of the low-Ti and high-Ti picrite basalts may be parental magmas to the more evolved lithotypes; this is slightly different from the case observed in the Karoo, where many picrites of the Letaba Fm are too incompatible element rich to be parental magmas of the overlying Sabie River Fm (Sweeney et al., 1994) . The overall higher trace element contents in basalts and basaltic andesites of Gujarat support this argument, and the substantially identical trace element ratios of the picrites and basalts give additional significant evidence.
In the pseudo-ternary phase diagram Ol-Cpx-Qz (Grove et al., 1982; Fig. 16 ) most basalts of the various groups plot close to or at the ol + pi + cpx cotectic at 1 atm, as expected from low-pressure magmatic evolution. However, a large proportion of the low-Ti rocks are slightly displaced from this cotectic towards the olivine apex, and confirm that in this group pyroxene co-precipitates with olivine and plagioclase only at a late stage. The nephelinenormative low-Ti rocks plot at or near the ol-cpx join, closer to the olivine apex, in contrast to most low-Ti basalts. The I-Ti rocks plot in a narrow field close to the 1-atm cotectic, whereas high-Ti and KT rocks are scattered at or near the cotectic. The normalized-picrite field is also plotted, and shows the wide range of primary compositions.
Temperature estimates were used to constrain roughly the onset of the main crystallizing phases. Using the algorithm proposed by Eggins (1993) , based on the MgO content of the rocks, the liquidus (= olivine-in) temperature of these picrites at 1 atm is calculated as ~1320°C. This value is similar to that experimentally obtained on High-Ti picrites at 15 wt% MgO by Krishnamurthy & Cox (1977) (~1350°C). The onset of plagioclase crystallization for both high-Ti and low-Ti (at ~1200°C; see mineral chemistry) is at ~8-3% MgO, in good agreement with the kink in the CaO-MgO trend. On the other hand, the maximum temperature obtained with two pyroxenes (and with only CPX HTip OL QZ Fig. 16 . Ol-Cpx-Qz pseudoternary phase diagram (after Grove el al., 1982) for the basaltic rocks of Gujarat. Some acid rocks and the ranges of the normalized picrites are plotted for comparison.
pigeonite) corresponds to an MgO of ~61%. It is important to note that this is a significant value only for some low-Ti rocks, as pigeonite is not widespread; however, it is compatible also with the decrease from the highest Sc contents of mildly differentiated low-Ti basalts (Fig. 9) . On the other hand, diopsidic clinopyroxene may be crystallized at significantly higher temperatures in the high-Ti basalts; as observed in some thin sections, these temperatures may be similar to or even very slightly higher than those of plagioclase [see also the experimental data of Krishnamurthy & Cox (1977) ]. The clear differences in CaO and A1 2 O 3 contents between low-Ti and high-Ti probably caused the differences in the relative abundances of plagioclase and pyroxene in these rocks. More A1 2 O 3 may favour earlier plagioclase crystallization; more CaO may favour earlier Ca-rich clinopyroxene instead of feldspar. The overall result is the overlap in the CaO-MgO diagram at broadly the same MgO for both main groups.
Trace elements give indications on the relative abundance of the fractionating phases in the main groups: in the Sr-Zr diagram (Fig. 17) the high-Ti rocks show a clear positive trend, which can be interpreted as the result of clinopyroxene-dominated fractionation. This positive correlation is much weaker or absent in the low-Ti basalts, as a probable consequence of a major plagioclase-buffered evolution. It also noted that only some of the low-Ti basaltic andesites reach the Sr and Zr concentrations of the I-Ti basalts.
Major element mass balance calculations (Stormer & Nicholls, 1978) were carried out on selected samples, as far as possible from localities close together. The evolution from low-Ti picrites to evolved low-Ti basalts (D60-D146, SE Kathiawar), which gives the kink in the CaO-MgO diagram, was successfully modelled with a total of 38% fractionation of olivine (Fo 8 i), plagioclase (An 74 ) and augite (Ca 36 Mg52Fe 12 ) in the ratio 58:33:9 (R 2 =0-19). This result indicates that plagioclase and olivine played the most important role in the initial wholerock trends, with the likely formation first of dunitic and then of allivalitic cumulates, and that clinopyroxene contribution is subordinate.
The transition from high-Ti picrite to basalt (D44-D128, central-western Kathiawar) was modelled by 54% fractionation of olivine, plagioclase, diopside and magnetite in the ratio 25:38:33:4 (i? 2 = 015). The clinopyroxene tends to be more important in the fractionation schemes for the early stages of differentiation.
The low-Ti basalt to low-Ti basaltic andesite transition (D208-D211, Rajpipla) was modelled by 50% fractionation of olivine, plagioclase, augite and magnetite in the ratio 17:47:34:1 (R 2 = Q-33), i.e. half of the crystal extract is made up of feldspar, and at this stage of evolution the subtracted assemblage is gabbroic. The contribution of clinopyroxene to the magmatic evolution is clearly larger at this fractionation stage. The transition from low-Ti basalt to 'andesite' (D45-D73, eastern Kathiawar) was modelled with 87% fractionation of olivine, plagioclase, augite and magnetite in the ratio 7:43:46:4 (R =0-15). The very high crystal extract obtained in this transition probably explains the very low abundance of such differentiated rock types, as can be seen in the TAS diagram (Fig. 3a) .
The mineral chemical variations from the basic to differentiated rocks, and from one group to another, strongly indicate different liquid lines of descent, i.e. the effects of significantly different physico-chemical conditions of crystallization. As an example, the different trends of the groundmass feldspars provide clear evidence for this. The lack of K enrichment in the late-crystallized feldspars of the low-Ti picrites to 'andesites', compared with the presence of anortho- clase in the groundmass of some high-Ti picrites, indicates that, even at a differentiated stage of evolution, the rocks of a given group have common characteristics of crystallization. The unusual stability of olivine as a microlitic phase in relatively differentiated, hypersthenenormative low-Ti rocks is also noteworthy. This feature can be justified only by the lack of a strong Si-enrichment trend, owing to in situ gabbro crystallization. This typically tholeiitic feature does not allow the incoming of a clear Si oversaturation into the groundmass, and, consequently, the presence of late Ca-poor pyroxenes. The latter are present, however, in some other low-Ti rocks. The prolonged stability of olivine may also suggest that extensive and uniform interaction with Si-rich crustal contaminants probably did not alter phase relationships. There is no evidence for the involvement of significant amounts of Fe-Ti oxides (and/or apatite) in the crystal fractionation sequence, at least down to basaltic andesites or 'andesites'. Finally, petrographic and geochemical evidence completely precludes any reasonable attempt to justify the negative Ti anomalies of the low-Ti rocks with simple crystal fractionation processes, at any degree of differentiation.
The presence of strongly differentiated dacites and rhyolites in the Gujarat area is interesting in the context of Deccan vulcanism. These rocks show some geochemical characters which may relate them to the spatially associated basalts, for instance the low Nb contents of the D16 rhyolite, found with low-Ti rocks, and the high Nb of the Pavagadh pitchstone (D89), found with high-Ti rocks. However, some other characters seem to exclude a direct genetic link, e.g. the high La/Nb ratio of the Pavagadh pitchstone, when compared with the relatively low La/Nb of all the high-Ti basalts. The possibility of significant crustal contamination processes, coupled with partial melting of intrusive equivalents of the spatially associated basalts, is probably an inescapable requirement, owing to the likely prolonged residence times of differentiated magmas in the crust. However, much more detailed geochemical and isotopic work is needed to confirm this hypothesis quantitatively.
DISCUSSION
The petrological and geochemical study of the Gujarat flood basalts has produced some features not evident in the central part of the Deccan Traps. In detail, it is recognized that a major part of the Kathiawar peninsula is covered by low-Ti, incompatible element-depleted basalts, with related differentiates. Further east, in the Rajpipla area, four magma groups (low-Ti, I-Ti, high-Ti and KT) are found interstratified. In the Kathiawar peninsula, south of a rough line connecting Rajkot to Palitana (Fig. lb) , no high-Ti or I-Ti rocks have been found; in contrast, the Pavagadh sequence is made up only of high-Ti rocks (and their spatially related high-REE-Nb rhyolites).
It is also noteworthy that rocks with geochemical characters identical to those of Kathiawar are still present to the south and east. In particular, we identified a group of lava flows in northwestern Maharashtra (Dhule area, south of the Tapti river and SE of Gujarat, Fig. la) which have low TiC«2 contents (1-2-1 -5 wt%), as well as low Nb (<11 p.p.m.), Ti/V (20-24), Zr/Y (3-1-3-6) and MgO contents (5-7 wt%; L. Melluso, unpublished data, 1993) . Another peculiarity of Gujarat is the presence of strongly enriched (and sometimes potassium-rich) basalts, relatively uncommon in the Kathiawar, but abundant in the Pavagadh and Rajpipla areas.
There is no evidence for a relatively uniform mantle source, as for the basic lavas of the Skye main lava series (Scarrow & Cox, 1995) , or the flood basalts of West Greenland (Holm et al., 1993) . In some respects, the need for distinct mantle sources is similar that in the northern Lebombo-Nuanetsi area of the Karoo. The picrites of this area give evidence of two end-members, in particular an 'asthenospheric', Ca-Al-rich and incompatible trace element poor end-member (similar to a very depleted N-MORB) and a Ca-Al-poor and trace element rich (lamproitic) one (e.g. Ellam & Cox, 1991; Fig. 14a ). However, the low-Ti magmas of Lesotho, Nuanetsi and Malawi (and the very low-Ti Ferrar rocks in Antarctica) do not fit within the two end-members, as they need sources more Ti-depleted than N-MORB (Hergt et al., 1989; Ellam & Cox, 1991) .
There are some other significant differences also between the high-Ti picrites of Gujarat, the Nuanetsi-North Lebombo analogues Ellam & Cox, 1989 ) and the high-Ti basalts of the Parana , particularly in the absolute concentrations of many incompatible elements and in the striking negative Nb anomaly in the mantle-normalized diagrams of all Karoo and Parana high-Ti (and low-Ti) basalts; this negative anomaly is completely absent in the high-Ti picrites, whereas is possibly present in the I-Ti basalts (Fig.  12) .
As shown before, the major and HFSE contents of the low-Ti basalts of Gujarat show remarkable similarities to the rocks belonging to the Bushe Fm of the Western Ghats (Cox & Hawkesworth, 1985; Lightfoot et al., 1990; Fig. 12) and to the tholeiitic dykes of the Seychelles Islands (Devey & Stephens, 1991) . Although these geochemical characters cannot be fruitfully used stratigraphically to correlate low-Ti and Bushe basalts (which may well be present at very different stratigraphic heights in the basalt sequence) it is suggested that the Bushe rocks, apart from the different genetic significance currently given to the LILE-and LREE-selective enrichment (shallow-level contamination by granitic melts; e.g. Mahoney, 1988) may have a common, HFSEdepleted mantle source region.
In contrast to the low-Ti rocks, the OIB-like nature of the high-Ti mantle-normalized patterns is demonstrated by a clear LREE enrichment, and relatively high concentrations of the other incompatible trace elements, particularly HFSE, even in the most basic rocks, and by the elemental ratios. This, in turn, implicates mantle sources distinct from those of the basalts of the Ambenali and Mahableshwar Fms (Fig. 12) . Indeed, the trace element enrichment of the high-Ti picrites has no analogues in the Western Ghats lava pile (the basalts of the most enriched Mahableshwar Fm very seldom exceed 20 p.p.m. Nb; Cox & Hawkesworth, 1985; L. Melluso, unpublished data, 1993) . Strongly enriched mantle sources were consequently present in northern Kathiawar and eastern Gujarat. The geochemistry of the high-Ti picrites seems to be significantly similar to that of the inferred parental magma of Reunion (Fisk et al., 1988) , the present-day expression of the probable hot-spot which generated the Deccan Traps. The Reunion data show, at identical MgO (15-4 wt%), slightly lower TiO 2 (1-7%) and Nb (23 p.p.m.) but generally similar incompatible element contents (Fig. 12) , except for the most incompatible ones. This suggests that the high-Ti rocks of Gujarat may be considered as having been generated from substantially similar mantle sources, different from those of the Ambenali Fm. These latter basalts, at similar 87 Sr/ 86 Sr (~ 0-704; Lightfoot et al., 1990) show different trace element contents and ratios from those of Reunion. In particular, the Ambenali basalts have very low K, Nb and K/Nb ratios (average 150; L. Melluso, unpublished data, 1993) , which are different also from N-MORB values (~250; Sun & McDonough, 1989) .
Relative to the high-Ti group the I-Ti basalts have distinct trace element enrichment patterns, and most probably have analogues in some of the chemical types of the lowermost formations of the Western Ghats (Jawhar, Igatpuri and Thakurvadi Fms; Beane et al., 1986 Bodas et al., 1988; Subbarao et al., 1988; Sethna & Sethna, 1990; Peng et al., 1994) . Some relatively high La/Nb ratios (Table 7 ) and the relative depletion in Sr and P in the mantle-normalized diagrams (Fig. 12) probably indicate a weak but significant crustal imprint for this group.
The data on the potassic rocks cropping out in the Rajpipla area are broadly similar to those of Krishnamurthy & Cox (J980) and Mahoney et al. (1985) , albeit showing smaller compositional variations. These rocks show geochemical features more extreme than those of the high-Ti group, even considering their somewhat differentiated nature. The absence of negative K spikes in the KT mantle-normalized diagrams, which are usual in the high-Ti suite and in the Ambenali and Mahableshwar Fm rocks (Fig. 12) , rules out different degrees of partial melting of similar sources, and suggests that the primary magmas of the group of potassic rocks could have been generated by differently enriched parts of the Deccan lithosphere, with the likely contribution of phlogopite (see Mahoney et al., 1985) . The sampling work in the Kathiawar peninsula, although it was not in great detail, failed to detect K-rich equivalents westwards; therefore, the metasomatized phlogopite-bearing mantle possibly did not extend farther west, and is to be considered only as a localized enrichment event in the Deccan Trap sources. The available data for the northern part of the western Ghats (e.g. Khadri et al., 1988; Peng etal., 1994) also confirm that potassic rocks are absent, and therefore they are probably confined to the Rajpipla area.
It is worth noting that, in recent times, some workers (Huppert & Sparks, 1985; proposed that an AEC process (assimilation coupled with equilibrium crystallization) could have been significant in the petrogenesis of some basalts of the Western Ghats; this process should have caused a positive correlation between compatible elements and some crustal-sensitive chemical parameters (LILE and 87 Sr/ 86 Sr), as a consequence of crustal contamination acting on hotter and hotter Mg-rich rocks. No positive evidence for this is seen in the most basic rocks of Gujarat. Moreover, the correlation between MgO and LILE was observed in rocks of different formations, which have characters judged to derive from distinctly different mantle sources.
The estimates of pressure give some indications of the probable provenance of these magmas (from 90 km to ~50 km). It is to be noted that an average lithospheric thickness of 110 km was calculated by Negi et al. (1986) for the Indian shield. This value is, however, variable also beneath the Deccan (from the present-day ~50 km beneath Gujarat and Narmada-Tapti, close to or above post-Deccan VOLUME 36 NUMBER 5 OCTOBER 1995 rifted areas, to -120 km toward the south), and increases southwards to a value of ~ 180 km. The depth of the Moho in the Gujarat area (35-37 km; Gupta & Gaur, 1984) provides evidence that the most Si-rich picritic magmas equilibrated close to the Moho. A simple model that may be considered is that an adiabatically upwelling mantle, with a potential temperature of ~1430°C, began to melt slightly above the garnet stability field up to the Moho. However, the high inferred potential temperatures of the mantle beneath Gujarat give significant problems for the petrogenesis of the low-Ti picrites. Indeed, the strong decoupling of LILE from HFSE found in the low-Ti picrites is not a MORB (or plume) feature, and is usually found in rocks which interacted with continental material. Taking into account the high MgO contents of many of the low-Ti rocks of Gujarat and the absence of relationship between SiO2 and LILE, it is argued that contamination during the ascent in the crust is not likely, and, consequently, that the relatively high LILE/HFSE ratios were inherited from a significant elemental contribution of the sub-Deccan lithosphere, which became heated and melted during mantle upwelling. The hypothesis of a significant lithospheric control for the petrogenesis of the low-Ti rocks of Gujarat may also be strengthened by the depleted major and trace element geochemistry, which implies stabilization in a relatively infertile mantle. This latter may be preferentially located beneath the Gujarat area, with respect to other parts of the Deccan, owing to the probable crustal displacement in the Narmada-Tapti region (Sen, 1991) .
The origin from hydrous lithosphere hypothesized by for many flood basalts cannot be confirmed by our data, as the Gujarat rocks seem to be almost completely devoid of hydrous minerals, and thus they should be considered as generated by very H 2 O-undersaturated parent magmas (and, possibly, mantle sources).
As noted above, a clear correlation between the stratigraphy of Gujarat basalts and that of the Western Ghats is precluded by a gap in our knowledge south of the Narmada-Tapti sector and north of Igatpuri. Moreover, the lowermost recognized formations of the Western Ghats show very strong variability in their geochemical characters Peng et al., 1994) , and the genetic significance of their trace element patterns (as well as those within a given formation) is still unclear.
CONCLUSIONS
The Gujarat Trap basalts comprise several petrographic and geochemical groups, apparently unrelated by fractional crystallization, and possibly generated from independent mantle sources:
(1) a low-Ti group, represented by picrite basalts to 'andesites', dominated in the early stages of differentiation by olivine (± chromite) and plagioclase fractionation. This group is characterized by some of the most depleted trace element contents so far reported in a CFB sequence, but with an evident decoupling of LILE from HFSE. This group is most widespread in the Kathiawar peninsula and shows some geochemical characters similar to rocks of the Bushe and Poladpur Fms of the central Deccan and to the Bushe-like tholeiitic dykes of the Seychelles Islands; there are no clear geochemical signs of crustal contamination in the picrites after their emplacement into the crust.
(2) A high-Ti group, with a similar compositional range (picrites to basaltic andesites and probably to rhyolites), but with a slightly more alkali-rich character, cropping out in the northern Gujarat and in the Rajpipla area; this group has much higher concentrations of strongly incompatible elements, and probably was generated by partial melting of fertile (i.e. cpx-rich) mantle sources; this group has strong affinities with OIB, and the trace element geochemistry of the high-Ti rocks is probably the best analogue of Reunion parental magmas up to now recorded in the Deccan Traps.
(3) An I-Ti group of basalts, characterized by distinctly lower incompatible element enrichment than for the high-Ti suite, which seems to have been generated from somewhat different mantle sources. It is perhaps similar to some chemical types of the lower formations of the Western Ghats (Jawhar to Thakurvadi); (4) A potassium-rich group (KT), cropping out in the Rajpipla area, with a comparatively small compositional range, but extreme enrichment in K, Ba and Rb, which is tentatively related to locally significant amounts of phlogopite in its mantle source.
The differentiated rocks (dacites and rhyolites), although possessing some geochemical characteristics similar to those of the spatially associated basalts, are not strictly compatible with their derivation from basic magmas via simple crystal fractionation processes, and probably need at least some crustal contribution.
The distribution of these groups overlaps in the Rajpipla area, and in northern Kathiawar provides clear evidence for a strong spatial and vertical heterogeneity of the mantle beneath the western part of Deccan; moreover, the regional extent of the low-Ti basalts in the pre-drift position seems to suggest a large and strongly HFSE-depleted mantle region, similar to most, if not all the other low-Ti sources elsewhere in the Gondwana CFB suites (see Hergt et al., 1991) .
It is evident that the mantle sources of this area of the Deccan were subjected to very complex histories, and that no simple mixing schemes between enriched and depleted sources can fit all the data. Moreover, there is no evidence for different P-T conditions of formation for low-Ti and high-Ti picrites.
Whatever may be the ultimate cause of the LILEselective enrichment of the low-Ti rocks world-wide, this work provides clear evidence that: (1) the lowTi rocks cannot be the crustally contaminated versions of high-Ti (or I-Ti) suites; (2) the mantle sources of low-Ti and high-Ti picrites are distinct also in their major element contents; (3) the mantle sources of low-Ti and high-Ti picrites suffered a completely different enrichment style.
There is evidence that low-Ti-related magma sources similar to those of Kathiawar did extend into parts of the Deccan, going farther south and west, and probably also that the Bushe basalts are geochemically associated with the low-Ti rocks of Gujarat.
Taking into account the rapid migration of the volcanic pile southwards, and supposing that the northernmost volcanics are stratigraphically older than the uppermost formations, namely Ambenali to Panhala [this is still strongly debatable, judging from the radiometric dates available up to now (see Baksi, 1994) ], it is unreasonable to argue that the very strong heterogeneity of the Deccan mantle sources from north to south (evident regardless of any degree of contamination during the uprise in the crust) is related to differences within a rising plume without lithospheric contribution, particularly where the lithosphere is thick. This reinforces the conclusions of the authors that mantle lithosphere is at least a significant supplier to flood basalt volcanism (e.g. Erlank et al., 1988; Ellam & Cox, 1991; Hooper & Hawkesworth, 1993;  however, for asthenosphere-dominated models, see McKenzie & Bickle, 1988; Campbell & Griffiths, 1990; Arndt & Christensen, 1992) . Further investigations on this topic cannot be made without detailed and comprehensive isotopic work on Gujarat basalts.
